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PREFACE 
The coevolut ion of mankind and t h e  biosphere is one of t o d a y ' s  p r i n c i p a l  
research  problems. Clear ly ,  human a c t i v i t y  has begun t o  r i v a l  n a t u r e ' s  
a b i l i t y  t o  modify t h e  v a r i a b i l i t y  of t h e  e a r t h ' s  c l ima te  o r  even t o  gene ra t e  
c l i m a t i c  changes. Human i n t e r n e n t i o n  i n t o  t h e  c l i m a t i c  system could have 
profound consequences f o r  t h e  biosphere,  and t h u s  c a r e f u l  a n a l y s i s  and con- 
s i d e r a t i o n  of  both t h e  environmental and s o c i e t a l  imp l i ca t i ons  o f  such i n t e r  
ven t ion  a r e  c r i t i c a l l y  needed. 
For t h e  pas t  s e v e r a l  years ,  r e sea rche r s  a t  IIASA have been examining 
problems such a s  t he se .  I n  1978, f o r  example, a meeting was held on "Carbon 
Dioxide, Climate and Soc i e ty" .  This  meeting brought t o g e t h e r  e x p e r t s  f mm 
around t h e  world t o  a s s e s s  t h e  s t a t e  of knowledge on t h e  prospec ts  of  c l ima te  
change r e s u l t i n g  from inc reas ing  atmospheric i n j e c t i o n s  of carbon d ioxide  
and i n  p a r t i c u l a r  t o  review work on t h i s  s u b j e c t  i n . t h e  IIASA Energy Systems 
Program. In t h e  same year ,  IIASA hosted t h e  I n t e r n a t i o n a l  Workshop on C l i m t e  
I s s u e s  organized by t h e  Climate Research Board o f  t h e  US National  Academy o f  
Sciences and a prepara tory  meeting f o r  t h e  World C l i m t e  Conference organized 
p r imar i l y  by t h e  World Meteorological  Organizat ion [WMOI of  t h e  United Nations.  
I n  1980, a Task Force meeting on t h e  Nature of Climate and Soc ie ty  Research 
was convened t o  advance o u r  knowledge o f  t h e  r e l a t i o n s h i p  of  c l ima te  t o  
s p e c i f i c  a s p e c t s  of phys i ca l  and s o c i a l  systems. More r e c e n t l y ,  i n  1982, an 
i n t e r n a t i o n a l  workshop on "Resource and Environmental Appl ica t ions  of  Scenar io  
Analysis"  was organized.  This  workshop focused on innovat ive  approaches f o r  
dea l ing  with i s s u e s  l i k e  c l i m a t i c  change which involve cons iderab le  u n c e r  
t a i n t y  and m u l t i d i s c i p l i n a r y  a n a l y s i s .  F ina l ly ,  a major 2-year p r o j e c t  is 
c u r r e n t l y  being i n i t i a t e d  with t h e  support  of t h e  LIN Environmental Programne. 
This  p r o j e c t  w i l l  i n v e s t i g a t e  t h e  in-pacts of  shor t - te rm c l i m a t i c  v a r i a t i o n s  
and t h e  l i k e l y  long-term e f f e c t s  o f  C02-induced c l i m a t i c  changes on a g r i c u l -  
t u r a l  ou tput  a t  t h e  s e n s i t i v e  margins of  food g r a i n s  and l i v e s t o c k  product ion.  
This  paper se ts  t h e  stage f o r  t he  above-mentioned p r o j e c t .  It r e v i w s  
t h e  no t i on  o f  c l ima te - re la ted  marg ina l i t y ,  and proposes t o  measure t h e  impact 
o f  c l i m a t i c  f l u c t u a t i o n s  on marginal  areas by  a  temporal change i n  t h e  l e v e l  
o f  r i s k  o f  harvest  f a i l u r e  and s p a t i a l  s h i f t s  o f  c m p  pay-o f f  boundaries. 
The p r a c t i c a l  usefu lness o f  these measures i s  i l l u s t r a t e d  by  severa l  case 
examples from t h e  US, Canada, and Northern Eumpe. F i n a l l y ,  t h e  paper out-  
l i n e s  the  c rop /c l imate  s imu la t i on  model, success fu l l y  app l i ed  f o r  ana lys i s  
o f  t h e  e f f e c t s  o f  poss ib le  c l i m a t i c  changes on c e r e a l  y i e l d s  i n  Northern 
England. Over t h e  next two years i t  w i l l  be the  aim o f  t h e  IIASA p r o j e c t  
t o  f u r t h e r  develop t h i s  methodology and t o  evaluate t h e  impact on food pro- 
duc t i on  o f  poss ib le  changes i n  c l imate .  
Janusz K i n d l e r  
Leader 
Impacts o f  Human A c t i v i t i e s  on 
Environmental Systems P m j e c t  
CONTENTS 
M a r g i n a l i t y  a n d  c l i m a t e  2  
C l i m a t i c  c h a n g e  as  c h a n g e  i n  r i s k  a n d  p r o b a b i l i t y  o f  p a y - o f f  2  
C l i m a t e  c h a n g e  a n d  t h e  s e c u l a r  s h i f t  o f  p a y - o f f  b o u n d a r i e s  6 
C l i m a t i c  v a r i a b i l i t y  a s  t h e  i n t e r - a n n u a l  s h i f t  o f  p a y - o f f  b o u n d a r i e s  1 0  
Y i e l d  s i m u l a t i o n  m o d e l l i n g  a n d  t h e  s h i f t  o f  p a y - o f f  b o u n d a r i e s  1 2  
C o n c l u s i o n s  2  1 
R e f e r e n c e s  2  3 
ASSESSING IMPACTS OF CLIMATIC MANGE 
I N  PlARGINAL AREAS: THE SEARCH FOR 
AN AFPROPRIATE METHODOLOGY 
M.L. Parry and T.R. Carter 
The overriding problem facing any study of climate and socie ty  is t he  
awesome complexity of the  in teract ions .  On occasion we have side-stepped 
t h i s  i ssue  and resorted t o  investigating merely the  synchrony of c l imat ic  
and soc ia l  events, w i t h  l i t t l e  scrut iny of t h e i r  connection o ther  than t h a t  
they occur a t  the  same time and i n  t he  same place. The assumption has 
sometimes been t ha t  synchronous events a r e  events which necessari ly have a 
causal connection--an assumption which is c lea r ly  f a l s e .  We need t o  increase 
the  r igour of our research s t ra tegy and t h u s  cope w i t h  the  complexity of the  
in te rac t  ions. 
One means of ( a t  l e a s t  part ly1 achieving t h i s  is t o  employ a predictive 
approach t o  climate impacts i n  m r g i n a l  areas,  assuming t ha t  marginal areas  
are  par t i cu la r ly  su i tab le  laborator ies  .because they a r e  the  f i r s t  t o  be 
affected and t he  most severely affected by c l imat ic  anomalies: i . e . ,  they 
exhibit  a high degree of r i s k  resu l t ing  from cl imat ic  change and va r i ab i l i t y .  
For t h i s  reason marginal areas have been selected by the  World Climate 
Impact Program t o  be the  focus of a study conference on C02-induced climate 
impacts [ a t  Villach, Austria, Septmber 19831 and a two-year research 
project  a t  IIASA on the  vulnerabi l i ty  of food production t o  c l imat ic  change. 
I n  t h i s  paper we review a number of d i f fe ren t  s t r a t eg i e s  f o r  evaluating 
climate impacts i n  marginal areas .  O u r  t he s i s  is t ha t  changes i n  c l i m t e  
can usefully be analysed, f i r s t l y ,  a s  temporal changes i n  r i s k  and, secondly, 
a s  s p a t i a l  s h i f t s  i n  t h e  p r o b a b i l i t y  o f  pay-off .  We w i l l  i l l u s t r a t e  t h i s  
c o n t e n t i o n  by r e f e r e n c e  t o  a  number o f  c a s e  s t u d i e s ,  which have been drawn 
from o u r  own s t u d i e s  and t h o s e  o f  o t h e r  s c i e n t i s t s .  F u l l  d i s c u s s i o n  o f  t h e s e  
examples w i l l  not  b e  found i n  t h i s  paper ,  b u t  is a v a i l a b l e  i n  t h e  r e f e r r e d  
l i t e r a t u r e .  
M a r e i n a l i t v  a n d  climate 
We c a n  i d e n t i f y  t h r e e  t y p e s  o f  m a r g i n a l i t y  - s p a t i a l ,  e c o n o m i c  a n d  
s o c i a l  [ F i g u r e  1 1 .  T h e  first t y p e  relates  t o  l o c a t i o n s  a n d  a r e a s  a t  t h e  
e d g e  o f  t h e i r  i d e a l  climatic r e g i o n ,  w h e r e  s y s t e m s  o f  m a r g i n a l  a g r i c u l t u r e  
a r e  f r e q u e n t l y  i l l - a d a p t e d  t o  t h e i r  e n v i r o n m e n t a l  r e s o u r c e  b a s e  - f o r  
e x a m p l e ,  w h e r e  w a r m t h  o r  m o i s t u r e  i s  f r e q u e n t l y  i n s u f f i c i e n t  [ o r ,  c o n v e r s e l y ,  
f r e q u e n t l y  e x c e s s i v e 1  f o r  an a d e q u a t e  r e t u r n  t o  p a r t i c u l a r  t y p e s  o f  f a r m i n g .  
B u t  w h e t h e r  y i e l d - l e v e l s  are-Fdequat-r  b a r e l y  a d e q u a t e P t i . e .  a r e  m a r g i n a l  
i n  a n  e c o n o m i c  s e n s e 1  i s  c u l t u r a l l y  d e t e r m i n e d  - i t  d e p e n d s  on f a r m i n g  
e x p e c t a t i o n s  a n d  p e r c e i v e d  a l t e r n a t i v e s .  S p a t i a l  m a r g i n a l i t y  c a n  t h u s  b e  
r e s o l v e d  i n t o  e c o n o m i c  m a r g i n a l i t y .  It i s  a l s o  p o s s i b l e  t o  i d e n t i f y  
m a r g i n a l  g r o u p s  w h i c h ,  a s  a  r e s u l t  o f  t h e i r  s o c i a l  r a t h e r  t h a n  i n t r i n s i c a l l y  
e c o n o m i c  d i s a d v a n t a g e ,  may b e  e q u a l l y  v u l n e r a b l e  t o  u n f a v o u r a b l e  climatic 
a n o m a l i e s  o r  f l u c t u a t i o n s .  The  p r o c e s s  w h i c h  g e n e r a t e s  t h i s  v u l n e r a b i l i t y  
h a s  b e e n  t e r m e d  " m a r g i n a l i z a t i o n "  - a p r o c e s s  b y  w h i c h  t h e  u n d e r - d e v e l o p e d  
p o p u l a t i o n  is i s o l a t e d  f r o m  t h e  i n d i g e n o u s  r e s o u r c e  b a s e  a n d  is  f o r c e d  i n t o  
m a r g i n a l  e c o n o m i e s  w h i c h  c o n t a i n  f e w e r  a d a p t i v e  m e c h a n i s m s  f o r  s u r v i v a l  
( B a i r d  e t  a l . ,  1 9 7 5 1 .  None o f  t h e s e  m a r g i n a l  a r e a s  o r  g r o u p s  i s  
s t r o n g l y  b u f f e r e d  a g a i n s t  c h a n g e  o f  t h e  e n v i r o n m e n t  a n d  may t h u s  b e  
p a r t i c u l a r l y  s e n s i t i v e  t o  v a r i a t i o n s  o f  climate. 
F o r  a number  of r e a s o n s  t h e  i m p a c t  o f  c l i m a t e  v a r i a t i o n s  on m a r g i n a l  a r e a s  
c a n  m o s t  e f f e c t i v e l y  b e  m e a s u r e d  as a c h a n g e  i n  t h e  l e v e l  o f  r i s k ,  i .e .  i n  
t h e  p r o b a b i l i t y  o f  a n  a d v e r s e  e v e n t  s u c h  as t h e  p r o b a b i l i t y  o f  c r o p  
' f a i l u r e l , o r  n e t  l o s s o r  s h o r t f a l l  fmm some c r i t i c a l  l e v e l  o f  o u t p u t .  
F i r s t ,  m a r g i n a l  f a r m e r s ,  b y  d e f i n i t i o n ,  o p e r a t e  t o w a r d s  t h e  limits o f  
p r o f i t a b i l i t y ,  h a v e  a s l e n d e r  b u f f e r  a g a i n s t  h a r d s h i p  a n d  t h u s  a r e  m o r e  
c o n c e r n e d  w i t h  s u r v i v a l  t h a n  w i t h  w e a l t h .  S e c o n d l y ,  t h e  p r o f i t - m a x i m i s i n g  
f a r m e r  [ i n c l u d i n g  t h o s e  i n  n o n - m a r g i n a l  a r e a s 1  knows w e l l  t h a t  n e t  r e t u r n s  
a r e  n o t  s i m p l y  a  f u n c t i o n  of a v e r a g e  y i e l d ,  b u t  a l s o  a f  t h e  b a l a n c e  he  
s t r i k e s  b e t w e e n  g a m b l i n g  o n  ' g o o d '  y e a r s  a n d  i n s u r i n g  a g a i n s t  ' b a d '  o n e s  
F i g u r e  1. Types o f  m a r g i n a l i t y  
[Edwards. 19781. T h i r d l y ,  t h e  pay-off  boundary f o r  p a r t i c u l a r  farming 
a c t i v i t i e s  may depend on t h e  f r e q u e n c y  of 'good'  o r  ' bad '  wea the r ;  f o r  
example, a  ma jor  c o n s t r a i n t  on p r o f i t a b l e  wheat  p r o d u c t i o n  i n  A l b e r t a  i s  
r e l a t e d  t o  t h e  p r o b a b i l i t y  o f  f i rs t  autumn f r e e z e  (Rober t son ,  19731. A t  
some l o c a t i o n s  t h e  p a r a m e t e r s  o f  c l i m a t e  which f r e q u e n t l y  have a  major  
i n f l u e n c e  on r a t e s  o f  p l a n t  growth (e .g .  t e m p e r a t u r e ,  p r e c i p i t a t i o n ,  s o l a r  
r a d i a t i o n ]  d e c r e a s e  i n  a  r o u g h l y  l i n e a r  f a s h i o n  towards  t h e  margin o f  
c u l t i v a t i o n .  For  example, i n  a r e a s  where c e r e a l  c r o p p i n g  is  l i m i t e d  l a r g e l y  
by t e m p e r a t u r e  I v i z .  a t  h i g h  l a t i t u d e s  and high e l e v a t i o n s ]  accumulated 
warmth d e c r e a s e s  a p p r o x i m a t e l y  l i n e a r l y  w i t h  i n c r e a s i n g  e l e v a t i o n  and 
i n c r e a s i n g  l a t i t u d e .  While  t h i s  i s ,  o f  c o u r s e ,  a  g e n e r a l i z a t i o n ,  t h e  p o i n t  
i s  t h a t ,  assuming a n n u a l  l e v e l s  of warmth o r  m o i s t u r e  t o  be normal ly  
d i s t r i b u t e d  from y e a r  t o  y e a r ,  t h e  p r o b a b i l i t y  of a  minimum l e v e l  of warmth 
o r  m o i s t u r e  r e q u i r e d  t o  a v o i d  f a i l u r e ,  l o s s  o r  c r i t i c a l  s h o r t f a l l  would 
i n c r e a s e ,  n o t  l i n e a r l y  towards  t h e  margin of c u l t i v a t i o n  b u t  i n  an S-shaped 
curve  which i s  c h a r a c t e r i s t i c  o f  t h e  c u m u l a t i v e  f r e q u e n c y  of  a  normal 
d i s t r i b u t i o n  [ F i g u r e  21. A t  t h e  lower  end o f  t h i s  c u r v e  t h e r e  i s  a  marked 
incieasing aridity , 
o r  declining warmth 
F i g u r e  2. Risk  s u r f a c e  due  t o  p r o b a b i l i t y  o f  c r o p  ' f a i l u r e ' ,  n e t  l o s s  o r  
c r i t i c a l  s h o r t f a l l ,  w i t h  l i n e a r  land normal ly  d i s t r i b u t e d  g r a d i e n t )  
o f  a r i d i t y  o r  warmth. P r o b a b i l i t i e s  o f  h a r v e s t  ' f a i l u r e '  a r e  f o r  
o a t s  ( v a r  a l a i n s l i e l  i n  S. S c o t l a n d  ( a d a p t e d  from P a r r y ,  19761. 
i n d e e d  q u a s i - e x p o n e n t i a l ,  i n c r e a s e i n  t h e  p r o b a b i l i t y  o f  f a i l u r e ;  and i t  w i l l  
b e  shown t h a t  it is  p r e c i s e l y  a t  t h i s  p a r t  o f  t h e  c u r v e  t h a t  m a r g i n a l  l a n d  
is f r e q u e n t l y  l o c a t e d .  It seems, t h e r e f o r e ,  t h a t  m a r g i n a l  areas a r e  
f r e q u e n t l y  c h a r a c t e r i z e d  by a v e r y  s t e e p  ' r i s k  s u r f a c e ' .  A c o n s e q u e n c e  o f  
t h i s  is t h a t  any  c h a n g e s  i n  a v e r a g e  warmth o r  a r i d i t y , o r  i n  t h e i r  v a r i a b i l i t y ,  
would have  a  marked effec t  on t h e  l e v e l  o f  r i s k .  The effect  c a n  b e  
i l l u s t r a t e d  by r e f e r e n c e  t o  t h e  U.S. and Canada. 
a ]  U.S. G r e a t  P l a i n s .  On t h e  U.S. Great P l a i n s  v a r i a b i l i t y  o f  w h e a t  
y i e l d  d u e  o n l y  t o  climate c a n  b e  a s s e s s e d  by compar ing  y i e l d s  p r e d i c t e d  f o r  
s p e c i f i c  y e a r s  by w h e a t - c l i m a t e  r e g r e s s i o n  mode l s  w i t h  t h e  e x p e c t e d  o r  
a v e r a g e  y i e l d s  o f  t h o s e  y e a r s  a l l o w i n g  f o r  t e c h n o l o g i c a l  c h a n g e  b u t  e x c l u d i n g  
t h e  r o l e  of d i s e a s e  and p r i c e s .  F i g u r e  3 i l l u s t r a t e s ,  f o r  e a c h  c r o p  
r e p o r t i n g  d i s t r i c t  i n  Nebraska ,  Kansas  and  Oklahoma, t h e  p r o p o r t i o n  of y e a r s  
i n  which t h e  p r e d i c t e d  y i e l d  e x c e e d s  o r  f a l l s  s h o r t  o f  t h e  e x p e c t e d  y i e l d  
by 25 p e r  c e n t  o r  more. I t  is e v i d e n t  t h a t  t h e  r i s k  o f  s h o r t f a l l  
i n c r e a s e s  m a r k e d l y  f rom east  t o  west: i n  sou th -wes t  Kansas t h e  f r e q u e n c y  o f  
a 25 p e r  c e n t  s h o r t f a l l  i n  ' c l i m a t e - y i e l d '  is more t h a n  f o u r  times t h a t  i n  
t h e  s o u t h - e a s t  o f  t h e  S t a t e .  Moreover,  we s h o u l d  n o t e  t h a t  d i s t r i b u t i o n  of 
good and bad y e a r s  i s  e v i d e n t l y  l o p s i d e d :  t h e r e  i s  a g r e a t e r  c h a n c e  o f  a 
s i z e a b l e  s h o r t f a l l  t h a n  a s i z e a b l e  e x c e s s ,  and  t h e  l o s s e s  f r o m  d r o u g h t - y e a r s  
a r e  not l i k e l y  t o  be made up by an equal n u h e r  of s i n g l e  bumper ha rves t s .  
The r e a l  wheat-ranching boundary, which is an express ion  of adjustment  t o  
c l ima te - r i sk  i n  wheat, broadly fo l lows  t h e  25 t o  50 pe r  cen t  i s o p l e t h  of  
s e r i o u s  s h o r t f a l l  of c l imate-y ie ld .  Of course,  t h i s  boundary is an average 
one j  i n  r e a l i t y  t h e  boundary of pay-off between wheat and ranching s h i f t s  
from y e a r  t o  y e a r  due t o  c l i m a t e  v a r i a b i l i t y .  We s h a l l  examine t h i s  l a t e r .  
Frequency of 25 % wheat shortfall 
excess of  25% in ( -  ) 
-. 
Figure 3 .  A ' r i s k  s u r f a c e '  on t h e  U.S. Great P i a ln s .  Frequency l l n  percent  
y e a r s )  of 252 s h o r t f a l l  (and 25% excess  i n  paren thes i s1  over  ' expec ted '  
y i e l d s ,  of y i e l d s  p red i c t ed  by Michaels '  11977) w i n t e r  wheat model. 
Oata r e l a t e  t o  1945-75. For f u l l  explana t ion ,  s e e  Parry ( for thcoming) .  
S u c c e s s f u l  c o p i n g  s t r a t e g i e s  might  be expec ted  t o  r e f l e c t  r e a l  r i s k  
l e v e l s  q u i t e  c l o s e l y .  Thus. on t h e  Grea t  P l a i n s ,  t h e  ' g r a d i e n t '  o f  premiums f o r  
wheat i n s u r a n c e  m i r r o r s  o u r  s u r f a c e  o f  c l i m a t e - r i s k  ( F i g u r e  41. 
b l  Canadian P r a i r i e s .  It  is  a l s o  p o s s i b l e  t o  e s t i m a t e  t h e  p r o b a b i l i t y  
of c r o p  f a i l u r e  o c c u r r i n g  a s  a  r e s u l t  of  a  p remature  c l o s e  t o  t h e  growing 
season.  On t h e  Canadian Great P l a i n s  t h e  end of  t h e  growing s e a s o n  i s  
marked by t h e  first autumn f r e e z e ,  and a  s u r f a c e  o f  r i s k  due  t o  t h e  
p r o b a b i l i t y  o f  f r e e z i n g  t e m p e r a t u r e s  can be c o n s t r u c t e d  f o r  a  network of  
s t a t i o n s  based  upon t h e  e s t i m a t e d  d a t e  o f  m a t u r i t y  of  wheat  [ F i g u r e  51. 
These d a t a  have been used t o  i d e n t i f y  t h e  e f f e c t i v e  c l i m a t i c  boundar ies  t o  
wheat c u l t i v a t i o n  on t h e  P r a i r i e s  (Wil l iams,  1969; Rober tson,  19731. 
Climate change and t h e  secu la r  s h i f t  of pay-off boundaries 
C l i m a t i c  v a r i a b i l i t y  can t h e r e f a r e  be  viewed a s  a  r i s k  s u r f a c e  upan 
which t h e r e  o c c u r s  a  v a r y i n g  p r o b a b i l i t y  of  pay-of f .  Rea l  ' b o u n d a r i e s '  of 
pay-off can b e  mapped e m p i r i c a l l y  from r e a l  e n t e r p r i s e  b o u n d a r i e s ;  a l t e r n a t i v e l y  
t h e o r e t i c a l  b o u n d a r i e s  can  be  s e l e c t e d  on t h e  b a s i s  o f  n o t i o n a l  c r i t i c a l  
l e v e l s  o f  r i s k  t o l e r a n c e  le .g .  a  f r e q u e n c y  of  1 i n  5  f a i l u r e ] .  I n  e i t h e r  
c a s e  c l i m a t i c  change  can  b e  e v a l u a t e d  a s  a  s h i f t  o f  t h e s e  pay-off  b a u n d a r i e s .  
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Figure 4 .  Cmss-sections on U.S. Great Plains of frequency of 254. s h o r t f a l l  
in  wheat y ie ld  and insu'rance r a t e s  on wheat. Insurance data a f t e r  
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F i g u r e  5. A ' r i s k  s u r f a c e '  on t h e  Canadian Great  P l a i n s :  Risk  o f  e a r l y  
f r e e z e  f o r  d i f f e r e n t  m e t e o r o l o g i c a l  s t a t i o n s ,  c h a r a c t e r i s e d  by 
g i v e n  normal minimum t m p e r a t u r e s  [ adap ted  f r o m  Rober tson,  1973, 
a f t e r  Wil l iams,  1 9 6 9 ) .  
a1 C a n a d i a n  Great P l a i n s .  The s h i f t  o f  c r i t i c a l  i s o p l e t h s  h a s  been  
used t o  d e t e r m i n e  t h e  e f f e c t  on  Canadian  wheat  and  b a r l e y  p r o d u c t i o n  o f  a  
I0C downturn o f  t e m p e r a t u r e .  B i o p h o t o t h e r m a l  t i m e s c a l e  e q u a t i o n s  have  been  
employed t o  estimate i f  and  when t h e s e  c r o p s  would n o r m a l l y  r e a c h  v a r i o u s  
p h e n o l o g i c a l  s t a g e s  a t  e a c h  o f  1100 s t a t i o n s  i n  Canada ( W i l l i a m s  and Oakes,  
19781. To compute  t h e  climatic r e s o u r c e s  f o r  a  c o o l e r  climatic r eg ime ,  
I0C was s u b t r a c t e d  f r o m  t h e  t e m p e r a t u r e  no rma l s  f o r  e v e r y  month. T h i s  made 
t h e  assumed p l a n t i n g  d a t e  l a t e r ,  e x t e n d e d  t h e  time r e q u i r e d  t o  m a t u r e  a s  
computed by t h e  b i o p h o t o t h e r m a l  timescale e q u a t i o n s  and  b r o u g h t  f o r w a r d  t h e  
d a t e  of f i rs t  f a l l  freeze. F i g u r e  6 i l l u s t r a t e s  t h e  s h i f t  of i s o p l e t h s  
bounding t h e  wheat-maturing zone:  t h e  a r e a  s u i t e d  t o  wheat p r o d u c t i o n  would 
be  reduced by o n e - t h i r d .  The a r e a  s u i t e d  f o r  b a r l e y  would c o n t r a c t  by on ly  
one-seventh  because  it e x t e n d s  f u r t h e r  n o r t h  and t h e r e f o r e  is more l i m i t e d  
Wheat Limit based on climate: 
SHIFT O F  WHEAT LIMIT 
Figure 6 . Effect  of 1 ' ~  cooling on wheat l i m i t  i n  Canada ( a f t e r  Williams 
and Oakes, 1978).  
by t e r r a in  than by temperature. These a re ,  of course, average estimates; 
no account' has been taken of changes i n  the  degree of r i s k .  
bl U.S. Corn Bel t .  A second v a r i a n t  of t h e  i s o p l e t h - s h i f t  approach 
can be i l l u s t r a t e d  by r e fe rence  t o  work on t h e  U.S. Corn Be l t  [F igure  71. 
Newman (19801 a p p l i e d  d a i l y  d i f f e r e n c e s  of + 1°c t o  growing degree-days 
[ G D D I  f o r  18  s t a t i o n s  i n  Indiana over  a  10-year per iod  i n  o rde r  t o  
s imula te  t h e  s p a t i a l  s h i f t  of corn b e l t  boundaries  f o r  a  1°c-warmer and 
d r i e r  c l imate.  which i s  a p l a u s i b l e  s cena r io  f o r  t h e  f u t u r e  given continued 
inc reases  i n  t h e  C02 con ten t  of t h e  atmosphere [Kellogg and Schware, 19811, 
and f o r  a  1°c-cooler  and w e t t e r  c l ima te ,  which is  a p l a u s i b l e  s imula t ion  of 
condi t ions  which probably occurred f o r  some cool  decades i n  t h e  seventeenth 
century. 
C )  Northern Europe. We can a l so  simulate s h i f t s  i n  the  probabil i ty 
of harvest f a i l u r e  w i t h  changes i n  temperature alone. In  northern Bri ta in  

i n  t h e  l a t e  s e v e n t e e n t h  c e n t u r y  sumner t e m p e r a t u r e s  may have averaged abou t  
I0C l e s s  t h a n  i n  t h e  mid-s ix teen th  c e n t u r y .  Such a d e c r e a s e  th roughout  t h e  
growing season  would, c e t e r i s  p a r i b u s ,  have l e d  t o  a 140-metre downward 
s h i f t  o f  t h e  p r o b a b i l i t y  i s o p l e t h s  r egarded  a s  c r i t i c a l  f o r  s u c c e s s f u l  c e r e a l  
c ropp ing  ( a  f a i l u r e  f requency  o f  1 i n  3.31. Across  t h e  B r i t i s h  I s l e s  t h e r e  
would, o f  c o u r s e ,  have been r e g i o n a l  v a r i a t i o n s  i n  t h i s  s h i f t  due  both  t o  
l a t i t u d e  and t o  v a r i a t i o n s  i n  t h e  l a p s e  r a t e  o f  t e m p e r a t u r e  wi th  e l e v a t i o n  
( F i g u r e  81.  But t h e  e v i d e n c e  s u g g e s t s  t h a t  t h e  a g r i c u l t u r a l  r e s p o n s e  was 
s u b s t a n t i a l  and e x t e n s i v e :  t h e r e  was widespread abandonment o f  marg ina l  
c rop land  th rough  upland B r i t a i n  ( f o r  f u l l  d i s c u s s i o n ,  s e e  P a r r y ,  19781. 
C l i m a t i c  v a r i a b i l i t y  a s  t h e  i n t e r - a n n u a l  s h i f t  o f  pay-off  b o u n d a r i e s  
The f o r e g o i n g  a n a l y s i s  is s e r i o u s l y  weakened by i t s  f o c u s  on a v e r a g e  
c o n d i t i o n s  Cof y i e l d ,  pay-o f f ,  etc.1 and by i t s  f a i l u r e  t o  c o n s i d e r  t h a t .  
i n  r e a l i t y ,  pay-o f f  b o u n d a r i e s  a r e  s h i f t i n g  a n n u a l l y  and t h a t  t h e  
b o u n d a r i e s  be tween,  f o r  example,  d i f f e r e n t  f a n n i n g  r e g i o n s  ref lec t  a  
r e s p o n s e  t o  t h e  p e r c e p t i o n  of t h e s e  i n t e r - a n n u a l  v a r i a t i o n s .  We can remedy 
t h i s  f a i l u r e  by mapping t h e  pay-off  boundary  f o r  e a c h  y e a r  and a n a l y s i n g  i ts  
-
i n t e r - a n n u a l  v a r i a b i l i t y  Cand any  changes  i n  i t s  v a r i a b i l i t y ] .  F o r  example, 
we can i d e n t i f y ,  f o r  e a c h  y e a r ,  t h e  e l e v a t i o n  a t  which c e r e a l s  w i l l  r i p e n  
i n  n o r t h e r n  Europe ( F i g u r e  9 ) .  In  some y e a r s ,  f o r  example i n  t h e  run  o f  
warm y e a r s  1788-1792, c r o p s  would have  r i p e n e d  above  550 m. I n  o t h e r  y e a r s  
[ e .g .  1816 and  18171 c r o p s  would. c e t e r i s  p a r i b u s ,  have  f a i l e d  even a t  
e l e v a t i o n s  of o n l y  180  m C18161 and 260 m (181 71. I n  f a c t ,  t h e r e  was 
e x t e n s i v e  famine ,  b a n k r u p t c y  and abandonment o f  m a r g i n a l  f a r m l a n d  t h r o u g h o u t  
t h e  U.K. a t  t h i s  time [ P a r r y ,  19781.  
Given a d e q u a t e  d a t a  on t h e  f a r m i n g  sys tem and on c l i m a t i c  v a r i a b i l i t y  
i n  marg ina l  a r e a s  it  i s  p o s s i b l e  t o  c o n s t r u c t  s c e n a r i o s  o f  t h e  impact  on 
marg ina l  a g r i c u l t u r e  o f  t h e  w e a t h e r  o f  i n d i v i d u a l  y e a r s ,  o r  ' r u n s '  o f  y e a r s  
o r  of l o n g e r  t e r m  climatic f l u c t u a t i o n s .  F o r  e a c h  o f  t h e s e  s c e n a r i o s  we 
can p r e d i c t  a  pay-off boundary ( i n  t h i s  c a s e  d e f i n e d  a s  c r o p  f a i l u r e 1  a t  
a  p a r t i c u l a r  p o s i t i o n  on t h e  g r a d i e n t  o f  t h e  a g r i c u l t u r a l  f r o n t i e r .  I n  t h e  
p r e s e n t  example, f o r  'warm' y e a r s  ( > I 7 0 0  day-degrees  C1 we can p r e d i c t  a  
pay-off boundary a t  abou t  400 rn. F o r  ' c o o l '  y e a r s  [<I400  day-degrees  C1 
it would f a l l  below 300 rn. To t h e  c e r e a l  f a r m e r  above 300 rn i n  ' c o o l '  
y e a r s  t h e  r e s u l t  would b e  a n e t  l o s s .  Over both  warm o r  c o o l  phases  we can 
say  t h a t  t h e  pay-off  boundary w i l l  "average-out"  between t h e s e  e l e v a t i o n s  
and t h a t ,  above it, c e r e a l  f a rming  might [ a g a i n ,  c e t e r i s  p a r i b u s )  cease .  
For explanation see text 
subm.argina1 
krn 
Figure  8 .  Recurrent marg ina l i ty  f o r  o a t s  c u l t i v a t i o n  i n  B r i t i s h  I s l e s  p red ic ted  f o r  1°c 
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Figure  9 .  Simula t ed  a l t i t u d i n a l  s h i f t  o f  c rop  f a i l u r e  i n  s o u t h e r n  S c o t l a n d .  
F a i l u r e  d e f i n e d  a s  growing season  w i t h  c970GDD. Oata a r e  f o r  Edinburgh,  
1764-1896. Based on p r o v i s i o n a l  d a t a  and  l i k e l y  t o  b e  modif ied .  
F i n a l l y ,  t h e  i n t e r - a n n u a l  v a r i a b i l i t y  o f  t h e  growing season  p rov ides  
us  w i t h  e m p i r i c a l  e v i d e n c e  of t h e  rea l  ' r i s k  s u r f a c e '  o f  c r o p  f a i l u r e  w i th  
e l e v a t i o n  i n  n o r t h s r n  Europe. Assuming a normal d i s t r i b u t i o n  o f  warm and 
c o o l  summers w e  e a r l i e r  proposed  t h a t  t h e  p r o b a b i l i t y  of  c r o p  f a i l u r e  
i n c r e a s e d  l o g a r i t h m i c a l l y  w i t h  e l e v a t i o n .  T h i s  can now be conf i rmed,  w i th  
t h e  p rov i so  t h a t  t h e r e  is some ev idence  o f  a  c l u s t e r i n g  o f  c o o l  sunmers 
[F igu re  101. Throughout  t h i s  d i s c u s s i o n ,  however, we have t r e a t e d  i n  
i s o l a t i o n  t h e  e f f e c t s  o f  t e m p e r a t u r e  and p r e c i p i t a t i o n  on c r o p  growth and 
have t h u s  been g u i l t y  o f  an  o v e r - s i m p l i f i c a t i o n  o f  t h e  t r u e  complexi ty  of 
c rop-c l imate  r e l a t i o n s h i p s .  The advan tage  of  t h e  i s o p l e t h - s h i f t  s t r a t e g y ,  
however, is t h a t  it is s u f f i c i e n t l y  f l e x i b l e  t o  accommodate q u i t e  
s o p h i s t i c a t e d  c r o p  y i e l d  s i m u l a t i o n  models. 
Yield s i m u l a t i o n  mode l l i ng  and t h e  s h i f t  of  pay-off  bounda r i e s  
The use  o f  m a r g i n a l  areas as l a b o r a t o r i e s  f o r  s t u d y i n g  t h e  impact  of 
c l i m t i c  v a r i a t i o n s  on a g r i c u l t u r e  has been d e m n s t r a t e d  f o r  t h e  examples 
mentioned above. One v i r t u e  of t h e  techniques  mployed t h u s  f a r  i n  
d e l i m i t i n g  marginal  a r e a s ,  is t h e i r  s i m p l i c i t y .  It is f a i r l y  w e l l  e s t a b l i s h e d ,  
f o r  example, t h a t  an o a t s  crop r e q u i r e s  a  b a s i c  minimum of  sumner warrrth t o  
r i p e n  success fu l ly .  So, once eva lua ted ,  t h i s  may be mapped o b j e c t i v e l y  f o r  
t h o s e  a r e a s  where ins t rumenta l  temperature  da ta  a r e  a v a i l a b l e .  Subsequent 
F i g u r e  1 0 .  R e a l  f r e q u e n c y  o f  c r o p  ' f a i l u r e '  i n  s o u t h e r n  S c o t l a n d .  Crop f a i l u r e  
d e f i n e d  as  g r o w i n g  s e a s o n  w i t h  c970 GOO. The c r o p  is o a t s  [ v a r .  
B l a i n s l i e l  . The d a t a  a r e  f o r  E d i n b u r ~ h ,  1764-1896. 
k 
years 
m t m d i c t i o n  of probable impact areas f o r  viable o a t s  cu l t iva t ion  may then 
































be attempted and, where t h e  data a r e  avai lable ,  these re t rodic t ions  can be 
si ng Ie 
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t es ted  against  h i s t o r i c a l  ac tua l i ty .  Nevertheless, f o r  a b e t t e r  appreciation 
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OCCURRENCE OF'HARVEST FAILURE' IN SOUTH EAST SCOTLAND 
of cl imatic  influences on contemporary crop production, and t o  assess  the  
probable impacts of fu ture  cl imatic  f luc tua t ions  on crop cul t iva t ion  and 
y ie ld ,  a f u l l e r  understanding of crop/climate re la t ionships  is necessary. 
One means of achieving t h i s  is t o  develop an appropriate crop yie1.d simula- 
t ion  model. We s h a l l  i l l u s t r a t e  t h i s  approach by reference t o  use of a model 
of w i n t e r  wheat i n  England. I t  was developed i n i t i a l l y  by Malcolm Hough of 
t h e  Ministry of  Agr i cu l tu re ,  but  has undergone ex t ens ive  reworking t o  incor- 
po ra t e  r ecen t  f i e l d  and l abo ra to ry  observa t ions .  
The model s i m u l a t e s  a  c r o p ' s  g r o w t h a s  t h e  sum o f  p h o t o s y n t h e s i s  and 
r e s p i r a t i o n  p r o c e s s e s  [ F i g u r e  111. The r a t e  a t  which a p l a n t ' s  we igh t  
i n c r e a s e s  i s  l i m i t e d  by t h e  r a t e  a t  which it can a s s i m i l a t e  ca rbon  d i o x i d e  
from t h e  a tmosphere  f o r  r e d u c t i o n  t o  c a r b o h y d r a t e .  The r a p i d i t y  o f  t h i s  
p r o c e s s  [ p h o t o s y n t h e s i s 1  depends  l a r g e l y  upon t h e  i n t e n s i t y  o f  
s o l a r  r a d i a t i o n ,  t h e  l e a f  a r e a  a v a i l a b l e  f o r  i n t e r c e p t i o n  and t h e  
t e m p e r a t u r e  o f  t h e  p l a n t ' s  environment ,  w i t h  a n  a d d i t i o n a l  l i m i t i n g  f a c t o r  
of w a t e r  s t r e s s .  
Not a l l  t h e c a r b o h y d r a t e  produced d u r i n g  p h o t o s y n t h e s i s  c o n t r i b u t e s  
d i r e c t l y  t o  t h e  growth o f  t h e  p l a n t .  A p r o p o r t i o n  i s  used up by r e s p i r a t i o n ,  
a  tmpera ture-dependent  process  involving t h e  making of new c e l l s  and 
maintenance of  e x i s t i n g  p l a n t  s t r u c t u r e .  Therefore ,  s u b t r a c t i n g  t h e  
r e s p i r a t i o n  from g r o s s  photosynthes i s  l e aves  t o t a l  dry m a t t e r  product ion.  
Grain y i e l d  can be es t imated  by f u r t h e r  s u b t r a c t i n g  t h e  dry m a t t e r  weights  
a t t r i b u t a b l e  t o  r o o t s ,  stem and leaves  using i n d i c e s  der ived f r o m  opera-  
t i o n a l  and experimental  observa t ions .  However, t h i s  study is r e s t r i c t e d  
t o  cons ide ra t i on  of t o t a l  dry m a t t e r  weights,  h e r e a f t e r  r e f e r r e d  t o  a s  
' y i e l d s '  . 
S i m u l a t i n g  p o t e n t i a l  c e r e a l  y i e l d s  i n  Nor the rn  England.  a1  Sowing 
d a t e .  An i m p o r t a n t  c o n s i d e r a t i o n  a t  t h e  o u t s e t  i n  runn ing  t h e  model is  t h e  
-
d a t e  a t  which t h e  crop is sown. This  i t s e l f  m y  be l a r g e l y  determined by 
arrbient weather  e .g .  an autumn s o i l  wa te r  s u r p l u s  which prevents  mechanical 
c u l t i v a t i o n ,  o r  an unacceptably high r i s k  of autumn f r o s t .  The a v a i l a b l e  
da t a  f o r  sowing d a t e s  show cons iderab le  annual  and l o c a t i o n a l  v a r i a t i o n s .  
Thus, f o r  s i m p l i c i t y ,  each model run s imu la t e s  crop development comnencing 
a t  4 a r b i t r a r y  sowing d a t e s  r ep re sen t ing  t h e  observed range ( l a t e  Septerrber 
t o  mid-Noverrberl . 
The sowing d a t e  h a s  a n  i m p o r t a n t  e f f e c t  on t h e  t i m i n g  o f  l e a f  
development d u r i n g  t h e  optimum growth p e r i o d ,  and i n  most  c a s e s  t h e  e a r l i e r  
t h e  c r o p  is  sown, t h e  h i g h e r  i s  t h e  p o t e n t i a l  d r y  m a t t e r  y i e l d .  
bl  Model o p e r a t i o n .  S i m u l a t i o n s  a r e  execu ted  on computer f o r  weekly 
t i n e  increments and o u t p u t s  inc lude  t a b l e s  and graphs showing t h e  weekly 
accumulation of dry m t t e r  throughout t h e  growing season.  Thus, a t  t h e  
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F i g u r e  11. Flow diagram showing t h e  major  c a l c u l a t i o n  s t e p s  i n  t h e  model 
[ a d a p t e d  f rom Hough, 19811. 
RESPIRATION TEMPERATURES 
I 
s i t e  o f  any m e t e o m l o g i c a i  s t a t i o n  p r o v i d i n g  s u i t a b l e  d a t a ,  a n  i n d i c a t i o n  
o f  t h e  c l i m a t i c  y i e l d  p o t e n t i a l  f o r  w i n t e r  wheat may be  ga ined .  
F i g u r e  1 2  o f f e r s  a  t y p i c a l  comparison between modelled y i e l d s  a t  a  
lowland s i t e  ( 6  ml and an upland s i t e  (556 m ) .  Two f e a t u r e s  a r e  noteworthy.  
F i r s t l y ,  t h e  r e q u i r e d  growing p e r i o d  is c o n s i d e r a b l y  l o n g e r  a t  t h e  upland 
s t a t i o n  f o r  e q u i v a l e n t  sowing d a t e s  (11-12 weeks) .  Secondly ,  t h e  y i e l d s  
p r e d i c t e d  f o r  t h e  upland s t a t i o n  a r e  lower  t h a n  t h o s e  f o r  t h e  lowland 
s t a t i o n  ( a b o u t  1 T/ha l .  
The s e n s i t i v i t y  o f  t h e  model may be demons t ra ted  by comparing upland 
and lowland y i e l d s  o v e r  two c o n t r a s t i n g  seasons .  The first  [ F i g u r e  131 
i l l u s t r a t e s  t h e  p r e d i c t i o n s  f o r  a  c o o l e r  t h a n  a v e r a g e  s e a s o n .  The develop-  
ment of  t h e  u p l a n d  c r o p  i s  c o n s i d e r a b l y  r e t a r d e d  and t h e  y i e l d  much reduced 
compared w i t h  F i g u r e  12. The l a t t e r  e f f e c t  is  l a r g e l y  a  r e s u l t  o f  l a t e  
development and t h e  i n a b i l i t y  o f  t h e  c r o p  t o  u t i l i s e  f u l l y  t h e  b e n e f i t s  o f  
h i g h e r  s o l a r  r a d i a t i o n  i n  t h e  summer months. T h i s  p o i n t  i s  e x e m p l i f i e d  i n  
F i g u r e  14  [ d e p i c t i n g  t h e  d r o u g h t  y e a r ,  1976) where t h e  model led  y i e l d s  a r e  
g r e a t e r  i n  t h e  u p l a n d s  t h a n  t h e  lowlands .  Development i s  more r a p i d  a t  
bo th  sites w i t h  i n c r e a s e d  r a d i a t i o n  i n t e r c e p t i o n ,  b u t  h igh  summer 
t e m p e r a t u r e s  i n  t h e  l o w l a n d s  have a c t u a l l y  r e s t r i c t e d  development w h i l s t  i n  
t h e  c o o l e r  u p l a n d s ,  growth c o n d i t i o n s  a r e  c l o s e  t o  optimum. 
I n  t h e s e  examples ,  t h e  model h a s  s i m u l a t e d  growth c o n d i t i o n s  f o r  a  
f u l l y  i r r i g a t e d  c r o p  l i . e .  no w a t e r  s t r e s s ) .  I n  most y e a r s ,  however, t h e r e  
i s  a  marked water d e f i c i t  i n  lowland e a s t e r n  England whereas  c r o p s  i n  an  
upland l o c a t i o n  a r e  u s u a l l y  a b l e  t o  t r a n s p i r e  a t  t h e i r  p o t e n t i a l  r a t e .  Thus, 
y i e l d s  a r e  d e p r e s s e d  t o  a  g r e a t e r  e x t e n t  i n  t h e  lowlands  a l t h o u g h  i n  p r a c t i c e  
-- - A  
t h e  e f f e c r i s  commonly o f f  s e t  by i r r i g a t i o n .  
Yield  t h r e s h o l d s ,  l e n g t h  o f  growing season  and h a r v e s t  f a i l u r e .  Two 
p r e c o n d i t i o n s  a r e  now i n t r o d u c e d  which must  be s a t i s f i e d  by t h e  modelled 
c rop  t o  p r e v e n t  h a r v e s t  f a i l u r e .  
The f i r s t  p remise  i s  r e a s o n a b l e  f o r  a  m a j o r i t y  o f  commercial  farming 
o p e r a t i o n s  a l t h o u g h  it may n o t  ho ld  f o r  s m a l l e r  s c a l e  a c t i v i t i e s .  I t  i s  
assumed t h a t  t h e r e  is a  p o s i t i v e  r e l a t i o n s h i p  between l e v e l  o f  c r o p  y i e l d  
and f i n a n c i a l  r e t u r n ,  and t h a t  below a  c e r t a i n  y i e l d  t h r e s h o l d  t h e  h a r v e s t  
may be  c o n s i d e r e d  t o  have f a i l e d  [ f o r  wha tever  r e a s o n ,  e . g  i n s u f f i c i e n t  
p m f i t  margin,  n e t  f i n a n c i a l  l o s s ,  n e t  l o s s  o f  seed  g r a i n ,  e t c . ) .  
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A second c o n s t r a i n t  is imposed by t h e  l e n g t h  o f  t h e  growing s e a s o n .  
For a  g iven  sowing d a t e ,  a  c u t - o f f  d a t e  may b e  d e f i n e d  a f t e r  which h a r v e s t i n g  
is c o n s i d e r e d  e i t h e r  t e c h n i c a l l y  no t  p o s s i b l e  o r  u n p r o f i t a b l e .  The ve ry  
l a t e s t  h a r v e s t  d a t e  which is a l l o w a b l e  is t w e l v e  rmnths  a f t e r  sowing,  o t h e r -  
w i s e  c r o p p i n g  i n  s u c c e s s i v e  y e a r s  would b e  p r o g r e s s i v e l y  r e t a r d e d .  However, 
o t h e r  c r i t e r i a  a r e  l i k e l y  t o  r e s t r i c t  h a r v e s t i n g  t o  a n  e a r l i e r  d a t e  i n c l u d i n g  
wa te r logg ing ,  m o i s t u r e  c o n t e n t  of t h e  g r a i n ,  autumn fmst ,  e t c .  
When t h e  two c o n s t r a i n t s  a r e  imposed on a n  a n n u a l  d r y  m a t t e r  growth 
curve ,  f o u r  p o s s i b l e  c o n d i t i o n s  may be  d e f i n e d ,  one  r e s u l t i n g  i n  a s u c c e s s -  
f u l  h a r v e s t ,  t h e  r e m i n i n g  t h r e e  d e s c r i b i n g  h a r v e s t  f a i l u r e  ( F i g u r e  1 5 ) .  
C l e a r l y ,  t h e s e  a r e  o n l y  two o f  t h e  c r i t e r i a  which c o n t r i b u t e  t o  t h e  s u c c e s s  
o r  f a i l u r e  of t h e  h a r v e s t .  Two o t h e r  i m p o r t a n t  f a c t o r s  which a r e  n o t  
modelled b u t  may be  i n c l u d e d  i n  t h e  a n a l y s i s  a r e :  
( i l  W a t e r l o g g i n g  - t h i s  may p r e v e n t  sowing o r  h a r v e s t i n g  e n t i r e l y  
a t  e i t h e r  end o f  t h e  growing s e a s o n ;  
( i i l  F r o s t  - t h e  r i s k  may b e  t o o  g r e a t  t o  a l l o w  sowing t o  proceed 
i n  autumn. 
- Frequency and p r o b a b i l i t y  o f  h a r v e s t  f a i l u r e .  l h i s  a n a l y s i s  may b e  
r e p l i c a t e d  f o r  many s t a t i o n s  and f o r  d i f f e r e n t  y e a r s  t o  p r o v i d e  an i n d i c a -  
t i o n  of t h e  f r e q u e n c y  of  c l i m a t i c a l l y - i n d u c e d  h a r v e s t  f a i l u r e  a t  each 
l o c a t i o n .  From d a t a  f o r  a  p e r i o d  o f  y e a r s  t h e  f requency  can  b e  c o n v e r t e d  
t o  a  p r o b a b i l i t y  o f  h a r v e s t  f a i l u r e  a t  each s t a t i o n .  I f  t h e  s t a t i o n  proba- 
b i l i t i e s  a r e  now m p p e d ,  i s o p l e t h s  of e q u a l  p m b a b i l i t y  may b e  c o n s t r u c t e d ,  
producing a  r i s k  s u r f a c e  o f  h a r v e s t  f a i l u r e .  A p r o b a b i l i t y  t h r e s h o l d  m y  
t h e n  be  i n t r o d u c e d ,  f o r  example t h e  p r o b a b i l i t y  o f  h a r v e s t  f a i l u r e  above 
which t h e  r i s k  o f  f a i l u r e  is t o o  g r e a t  f o r  c u l t i v a t i o n  t o  b e  reward ing .  
T h i s  m y  be  d e l i m i t e d  on t h e  r i s k  s u r f a c e  and r e p r e s e n t s  t h e  p r o b a b i l i t y  
t h r e s h o l d  d u r i n g  t h o s e  y e a r s  f o r  which t h e  model was o p e r a t e d  [ F i g u r e  1 6 ) .  
C l i m a t i c  change and t h e  s h i f t  o f  i s o p l e t h s .  The s i g n i f i c a n c e  o f  l o n g e r  
t e rm c l i m a t i c  f l u c t u a t i o n s  ( i n  t h e  o r d e r  o f  d e c a d e s )  can  now b e  examined 
a s  changes  i n  t h e  p r o b a b i l i t y  o f  h a r v e s t  f a i l u r e  and a s  s p a t i a l  s h i f t s  o f  
t h e  i s o p l e t h  o f  maximum a c c e p t a b l e  r i s k .  I t  would, f o r  example, be p l a u s i b l e  
t o  s p e c u l a t e  on t h e  impact o f  p o s s i b l e  f u t u r e  c l i m a t i c  changes  by u s i n g  t h e  
p r o j e c t i o n s  o f  c e r t a i n  C 0 2 / c l i m t e  models a s  i n p u t s  t o  t h e  c e r e a l  y i e l d  
s i m u l a t i o n  model. The e f f e c t s  of t h e s e  c l i m t i c  changes  on n o d e l l e d  y i e l d s  
would be  d e s c r i b e d  by s h i f t s  of t h e  i s o p l e t h s  o f  p robab le  h a r v e s t  f a i l u r e .  
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Figure  15. The v i a b i l i t y  of c e r e a l  cropping.  To ach i eve  a  s u c c e s s f u l  ha rv e s t ,  
maximum yie ld  from growth cu rves  should occu r  b e f o r e  a  " l a t e s t  
h a r v e s t  da t e "  [ v e r t i c a l  l i n e l  and exceed a  minimum lvy ie id  t h r e s h o l d "  
( h o r i z o n t a l  l i n e l .  I n  1968/9 c rops  a t  t h e  upland s t a t i o n  would 
have matured t o o  l a t e  t o  be p r o f i t a b l e .  
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Figure  16. Idea l i s ed  geographic reg ion  
i n  warm and cool  years .  and 
- .  
of low and high e l eva t ion  showing d i f f e r i n g  l o c a t i o n s  of pay-off boundary 
a r e a  of r e c u r r e n t  marg ina l i t y  due t o  v a r i a b i l i t y  of c l ima te .  
The a r e a s  d e l i m i t e d  by t h e  s h i f t i n g  i s o p l e t h s  a l t e r n a t e  between s t a t e s  o f  
u n a c c e p t a b l e  r i s k  o f  h a r v e s t  f a i l u r e  i n  one  p e r i o d  t o  a c c e p t a b l e  r i s k  i n  
a n o t h e r .  We have t e n n e d  t h e s e  a r e a s  o f  r e c u r r i n g  c l i m a t i c  impact on a g r i -  
c u l t u r e  a r e a s  of  r e c u r r e n t  m a r g i n a l i t y  [ F i g u r e  161.  
Conclus ions  
The s t r a t e g y  o u t l i n e d  above may b e  sumnar ised a s  a  f l o w  diagram 
[ F i g u r e  171. We b e l i e v e  it p r o v i d e s  a  s u i t a b l e  framework f o r  f u r t h e r  
s t u d i e s  of  c l i m a t i c  impact a s sessment  i n  marg ina l  a r e a s .  The method o f  
a s sessment  r e q u i r e s  development o f  models which a c c u r a t e l y  s i m u l a t e  t h e  
e f f e c t  of  w e a t h e r  on c r o p  growth.  Outpu t s  f r o m  t h e  models a r e  des igned  
t o  be  compat ib le  w i t h  measures  whiih a f f e c t  f a r m i n g  d e c i s i o n s .  These  v a r y  
a c c o r d i n g  t o  f a n n i n g  t y p e ,  economy and s o c i e t y ,  b u t  can g e n e r a l l y  b e  
q u a n t i f i e d  a s  some measure  o f  f a n n i n g  r i s k  o r  t h e  l i k e l i h o o d  o f  r w a r d .  
The w e a t h e r  d e s c r i b e d  by a  set o f  m e t e o r o l o g i c a l  d a t a  f o r  a  number o f  
y e a r s  can t h u s  b e  e x p r e s s e d  a s  a  p r o b a b i l i t y  o f  r i s k  o r  reward.  When 
c a l c u l a t e d  f o r  a  number o f  s t a t i o n s  t h i s  p r o b a b i l i t y  l e v e l  can  be mapped 
g e o g r a p h i c a l l y  a s  a n  i s o p l e t h .  S c e n a r i o s  o f  changing c l i m a t e s  can t h e n  
be  used a s  i n p u t s  t o  t h e  r o d e 1  t o  i d e n t i f y  g e o g r a p h i c a l  s h i f t s  o f  t h e  
p r o b a b i l i t y  i s o p l e t h s .  The a r e a  d e l i m i t e d  by t h e s e  s h i f t s  r e p r e s e n t s  
a r e a s  o f  s p e c i f i c  c l i m a t e  impact .  Over t h e  nex t  two y e a r s  it w i l l  b e  
t h e  a im o f  a  r e s e a r c h  p r o j e c t  a t  IIASA t o  employ t h i s  methodology and 
t h e s e  t e c h n i q u e s  and t o  deve lop  them f u r t h e r  i n  o r d e r  t o  e v a l u a t e  t h e  
impact o f  c l i m a t i c  change on food p r o d u c t i o n  i n  m a r g i n a l  a r e a s .  
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